Background A typology of cerebral vasospasm has been proposed based on distinct clinical manifestations: delayed cerebral ischemia, symptomatic 'vasospasm', angiographic vasospasm, and transcranial Doppler vasospasm. We examined each distinct clinical manifestation in a nonparametric genetic association study. Aims The purpose of this study was to examine and compare each four distinct acute clinical manifestations and test its perspectives in genetic association studies. Methods Two hundred forty-five Caucasian patients with sub-arachnoid hemorrhage were evaluated for these four distinct clinical manifestations along with 906 600 singlenucleotide polymorphisms across the human genome. Results The four clinical manifestations were significantly associated with each other as P-values ranged from 3·31 ¥ 10 -4 to 8·10 ¥ 10 -15 . Transcranial Doppler vasospasm showed significant genetic association with single nucleotide polymorphism (SNP) (rs999662, P = 3·39 ¥ 10 -8 ). Statistical P-value of rs999662 in association with delayed cerebral ischemia, symptomatic 'vasospasm', and angiographic vasospasm was 0·0017, 0·0017, and 0·19, respectively. Conclusions Despite different criteria for each of the four clinical manifestations, they are significantly associated with each other. Our results suggest transcranial Doppler vasospasm may be an appropriate intermediate but still clinically relevant phenotype for genetic association studies. Association with SNP rs999662 indicates a potential role for the region containing the solute carrier family 12 member 3 (SLC12A3) gene in transcranial Doppler vasospasm following sub-arachnoid hemorrhage.
Introduction
Cerebral vasospasm (CV), a transient constriction of the cerebral arteries, is a frequently occurring condition following a sub-arachnoid hemorrhage (SAH). The lack of consensus in the characteristic pathology and consequences of CV makes prediction difficult and treatment questionable. This inconsistency comes primarily from interchanging radiographic evidence of vasospasm with clinical features of cerebral ischemia. A typology of CV has been proposed based on distinct clinical manifestations: delayed cerebral ischemia (DCI), symptomatic vasospasm (SV), angiographic vasospasm (AV), and transcranial Doppler (TCD) vasospasm (1) . An international ad hoc panel of experts in SAH supports the distinct morphological and clinical characteristics associated with vasospasm and DCI as different measures and also suggest that as outcomes, they should be separately reported (2) . Following these authors' recommendation, we operationalized these four distinct acute clinical outcomes following SAH in this study as follows:
• DCI: presence of cerebral infarction on neuroimaging • symptomatic 'vasospasm': clinical deterioration showing focal neurological impairment • AV: moderate to severe arterial narrowing on angiography • TCD vasospasm: elevated flow velocity of vessels. DCI occurs in~30% of SAH patients surviving the initial hemorrhage. It is based on evidence of cerebral ischemia detected by computed tomography (CT) scan. Similar to symptomatic 'vasospasm' , it is closely associated with poor clinical outcomes following SAH (1) . It is, however, a retrospective diagnosis, and its lack of value for preemptive intervention limits its clinical use. Symptomatic 'vasospasm' appears to be the most clinically significant manifestation in that it is characterized by clinical worsening. It occurs in 20-40% of SAH patients and is associated with poor outcomes. It is a subjective diagnosis and difficult to be applied in poor grade cases (3) . AV reportedly occurs in up to 70% of patients (4) . Only a subset of AV patients results in clinical symptoms (4, 5) . TCD vasospasm, using TCD techniques, detects the presence of vascular hemodynamic changes within the major arteries of the brain and is frequently used in the clinical setting. But its efficacy in predicting severity of clinical worsening is inconsistent (6) .
Between 5% and 20% of SAH patients report a positive family history of SAH (7) and first-degree relatives of patients with SAH have threefold to sevenfold increased risk of SAH as compared with second-degree relatives who have the same level of risk as general population (8) (9) (10) . Some studies report that SNP in the promoter region (-786 T>C, a nucleotide conversion from thymine to cytosine) of endothelial nitric oxide synthase (eNOS) encoding gene is associated with symptomatic 'vasospasm' or AV after SAH (11, 12) , while others suggest no association (13) . It is suggested that the DCI and CV are complex traits influenced by multiple pathways (inflammation, vascular activity, fibrinolysis). Similar to many other complex traits, multiple genetic factors may contribute subtle effects on interrelated mechanisms that act together (14) to induce phenotypic manifestations after SAH. Selection of appropriate phenotype can be critical in finding responsible genetic factors for the clinical outcome of SAH.
Aims
No research has compared the genetic determinants among the different types of clinical manifestations across the entire human genome. The purpose of this study is to examine and compare each four distinct acute clinical manifestations and test its perspectives in genetic association studies.
Methods

Patient population
Subjects included in the final analyses were 245 Caucasians among a total of 268 aneurismal SAH patients who were admitted to the University of Pittsburgh Medical Center and provided consent for use of samples for genetic marker assessment. This study was approved by the Institutional Review Board (IRB) of University of Pittsburgh and Office of Human Subject Research (OHSR) of National Institutes of Health (NIH).
Vasospasm
Data from TCDs conducted daily from the anterior, middle, and posterior cerebral arteries were available from the study. Patients underwent conventional angiography and/or com-puted tomographic angiography as standard of care or in the presence of elevated TCD velocities and/or the presence of clinical neurologic deterioration. The angiography results were coded based on the location and severity of vasospasm (moderate 25-75%, severe >75% vessel narrowing). Neurologic deterioration and symptomatic 'vasospasm' was defined as the development of new focal neurological signs including new focal deficits, changes in level of consciousness, and/or deterioration in pupil exam. DCI was defined as the appearance of neurological deterioration associated with new perfusion deficits or new infarction on CT. AV was defined as the presence of moderate and/or severe arterial narrowing. TCD vasospasm was defined as Lindegaard ratio > 3 or mean MCA velocity >120 cm/s.
Genotype data collection
The genome-wide association study (GWAS) was conducted with Affymetrix Gene Chip Assay SNP 6·0 (Affymetrix, Santa Clara, CA, USA) using 500 ng of genomic DNA extracted from peripheral blood.
Data analysis
Using spss 15·0 (IBM SPSS, Armonk, New York, USA), independent t-test was performed to analyze the influence of age, gender, Fisher scale, and Hunt and Hess score at the admission. Chi-squared test was performed to analyze relationship among four distinct clinical manifestations following SAH.
Quality control procedures (15) excluded 31 810 SNPs with call rates <0·9, as well as 70 866 SNPs not in Hardy-Weinberg equilibrium (P < 0·001) in the sample, yielding 803 924 SNPs available for analysis. For GWAS statistical analyses, we used interactive tree analysis of helix tree 6·2.0 software (Golden Helix, Bozeman, MT) with minimum number of elements in a node at 10 (16) .
For multiple test correction, P = 5 ¥ 10 -8 was the threshold in this GWAS. Risk factors (age, gender, Fisher scale, Hunt and Hess score) were selected based on known epidemiologic data and pathways. Bonferroni multiple test correction was also applied to the interactions within and between the risk factors and clinical manifestations. Threshold for the statistical significance was P = 0·05 after the correction. P-values in the manuscript represent noncorrected P-values.
Results
The mean age of 245 Caucasian patients was 53·9 years (ranged from 18 to 75) and 70% were female.
compares the baseline clinical information by the four acute clinical manifestations. Fisher scale (P = 0·002) and Hunt and Hess (HH) score (P = 1·64 ¥ 10 -4 and 4·32 ¥ 10 -4 , respectively) showed significant association with DCI and symptomatic 'vasospasm' but not with angiographic and TCD vasospasm. There was a significant difference in age; patients with TCD vasospasm were younger than those without TCD vasospasm (P = 2·75 ¥ 10 -5 ).
Relationship of each manifestation after SAH along with genetic variations and noncorrected P-values are summarized together in Table 2 . The concordance rate between DCI and symptomatic 'vasospasm' was 99·1%, and both were highly correlated with angiographic and TCD vasospasm. Of those without DCI, 99·2% were negative in symptomatic 'vasospasm' while 94·6%, and 34·4% were negative in angiographic and TCD vasospasm, respectively. Similar pattern was found in patients without symptomatic 'vasospasm' . Among patients without AV, 69·3% did not develop symptomatic 'vasospasm' and DCI, while 24·9% were negative in TCD vasospasm. In patients with negative TCD vasospasm, 93·5% were negative in symptomatic 'vasospasm' , and 93·6% were negative in DCI and AV.
Of those with DCI, 50·5% showed AV and 97·2% showed TCD vasospasm. Because of the high concordance rate between symptomatic 'vasospasm' and DCI, their relationship to angiographic and TCD vasospasm showed very similar patterns. Among the patients with AV, 88·7% showed DCI and symptomatic 'vasospasm' , while 95·2% showed TCD vasospasm. In patients with TCD vasospasm, 55·3% showed symptomatic 'vasospasm' , 55·6% showed DCI, while only 31·1% showed AV.
In patients with both angiographic and TCD vasospasm, 91·5% showed DCI, while 95·5% of patients with negative signs on both angiographic and TCD vasospasm did not develop DCI. When SV was combined with angiographic and TCD vasospasm, 100% of DCI was predicted.
Chi-squared test for manifestations after SAH revealed that four clinical manifestations were significantly associated with each other as P-values ranged from 3·31 ¥ 10 -4 to 8·10 ¥ 10 -15 (Table 2) .
Genetic association
TCD vasospasm showed significant genetic association with SNP (rs999662) with P = 3·39 ¥ 10 -8 (Fig. 1 , corrected P = 2·68 ¥ 10 -2 ). Table 3 summarized the association between rs999662 and four distinct clinical manifestations. Among 245 patients, 95·5% were genotyped at rs999662 as thyminethymine (TT) allele and 4·5% as guanine-thymine (GT) allele, while no subject was genotyped as guanine-guanine (GG) allele. Due to phenotypically undetermined patients, final sample size for association analyses of rs999662 is slightly different for four distinct clinical manifestations (Table 3) . Odds ratio of TT of rs999662 compared with GT was 22·62 in TCD vasospasm (P = 8·69 ¥ 10 -6 ) (Fig. 2) . None of the GT 
Research H. Kim et al. developed DCI or SV, while 48·0% of TT developed DCI (P = 0·001). There was no difference in AV by rs999662. Statistical P-value of rs999662 in association with DCI, SV, and AV was 0·0017, 0·0017, and 0·19, respectively. 
Discussion
All four types of clinical manifestations were associated with clinical severity of SAH based on the admission Fisher scale and HH scores, known predictors for clinical outcomes (17, 18) . SV and DCI had the strongest association with clinical severity measures, suggesting that they are the most clinically relevant manifestations after SAH, followed by AV and TCD vasospasm. All four types of CV manifestations showed close relationship to each other, suggesting that they may share similar underlying mechanisms. Even though angiographic and TCD vasospasm showed significant association, the level was relatively weak compared with the association with SV or DCI. This may suggest additional underlying factors. Because of the prognostic value of DCI to long-term outcomes, it was used as a gold standard to evaluate the sensitivity and specificity of the remaining three types of vasospasm after SAH. SV showed highest sensitivity and specificity to DCI, while AV showed lowest sensitivity, and TCD vasospasm showed lowest specificity. When combined together, angiographic and TCD vasospasm significantly increased the sensitivity and specificity, which suggests this combination can be clinically useful in an unconscious patient whose neurologic symptoms cannot easily be evaluated.
TCD vasospasm is the only manifestation affected by age, which is consistent with other reports (1) . It had the weakest association with other types of manifestations. TDC vasospasm was the only type with a statistically significant genetic association. This specific characteristic of TCD vasospasm suggests that it may be an intermediate phenotype involving similar biological pathways as the other types of manifestations but may be less susceptible to confounding factors. While the other relations show TCD vasospasm's clinical relevance, the genetic association highlights TCD vasospasm's relevance to the gene's actions (19) .
The SNP of significant association with TCD vasospasm is rs999662 located in chromosome 16q13. If we chose SNPs, which passed multiple-test correction of GWAS (rs999662) with the intermediate phenotype (TCD vasospasm) and then tested its association with clinically relevant phenotypes (SV or DCI), the statistical significance could be considered significant (as P = 0·0011). Because its effect size is subtle with additional confounding factors related to more clinical phenotypes, the association might be lost by the extensively strict multiple-test correction (Bonferroni correction). For genetic association study, it may be critical to choose an adequate intermediate phenotype for its success. Our results suggest TCD vasospasm may be an appropriate intermediate but still clinically relevant phenotype for the genetic association studies. Considering the close relationship with other important clinical manifestation along with genetic association, recent criticism on TCD vasospasm (2) may need to be revisited.
The rs999662 SNP associated with TCD vasospasm is located in the intron region of a gene encoding solute carrier family 12 member 3 (SLC12A3). This gene encodes a sodium chloride cotransporter, which is important for electrolyte homeostasis and plays a critical role in regulating the salt/ water balance and blood pressure. An association of a SNP in an exon of SLC12A3 with myocardial infarction was reported (20) as well as of the mutations with Gitelman syndrome (21, 22) , although direct association of genetic variations in the gene with hypertension was not detected in one Asian population (23) . Even though genetic association within the introns of genes are common (24) , it remains unclear how the nucleotide changes in the intron region of this gene induce functional consequences. Many genes have multiple splicing variants along with multiple functions, most of which are still unknown. It has been previously demonstrated that SNP in an intron of SLC12A3 resulted in a novel cryptic exon in the mRNA (21) . It is also estimated that 85% of the human genome sequence is transcribed into some kind of functional elements such as small interference RNA. Therefore, SNPs in any region of the human genome can be meaningful in biological process (14) . It is also possible that these SNPs are in linkage disequilibrium with real causative genetic variants in neighboring exons. Dense genotyping around the associated SNP regions are required.
We identified additional loci that were marked by highsignal SNPs, P-value <10 -6 , in association with four clinical manifestations, though they did not reach genome-wide significance ( Table 2 ). These SNPs in protein coding genes as well as some SNPs in intergenic regions may also be worth further investigation, considering modified P-value of 2·6 to 4·2 ¥ 10 -7 was suggested as the threshold of GWAS with~500 000 markers by a Bayesian formula to attenuate the risk of false negative errors (15, 25) . Dense genotyping along with linkage disequilibrium analysis for genes located near the high-signal SNP are required.
Interestingly, we found no association with SNPs within the area of eNOS, one of the few alleles found to be associated with vasospasm or other clinical manifestations. It is probably caused by nonpolymorphic minor allele frequency of eNOS SNPs in the microarray platform used in our study. A total of eight SNPs of eNOS were tested, but only three had enough number of minor allele frequency (the smallest n should be bigger than 10 of a group). And the three SNPs (rs3918188, rs891512, and s3793342) did not show association even at the noncorrected P-value threshold 0·05. Closest two SNPs in the flanking regions of rs2070744 (-786 T>C) did not show polymorphism, which suggests rs2070744 is also nonpolymorphic and it is consistent with HapMap data of European Americans.
Considering the relatively small sample size of our study for GWAS, replication of our findings with a second but independent cohort is necessary. It is challenging and resourceintensive to collect large cohorts of life-threatening diseases such as SAH. Even after confirming with replication, validation with the functional genomic assay for associated SNP is required. However, current functional genomic assays cannot be applied for SNPs in the intronic region. New technologies are required to decipher the underlying mechanism of genetic variants located in nonexonic area such as introns and intergenic regions.
In summary, clinical data collected at the time of admission such as Fisher scale and Hunt and Hess score are useful predictors for the probability of clinical manifestations after SAH, specifically symptomatic 'vasospasm' and DCI with age and gender as additional risk factors for developing TCD vasospasm.
Despite different criteria for each of the four clinical manifestations, they were found to be significantly associated with each other. Considering that DCI is the most meaningful manifestation for prognosis than other manifestations of CV (1), SV showed highest sensitivity (99·1%) and specificity (99·2%). Even though AV has higher specificity than TCD vasospasm (94·6% vs. 34·4%), its sensitivity is lower than TCD vasospasm (50·5% vs. 97·2%). When the patients showed AV and TCD vasospasm, 91·5% develop DCI while 95·5% of patients with both negative did not develop DCI. When combined with symptomatic 'vasospasm' , angiographic and TCD vasospasm 100% of the DCI can be predicted.
Among those four clinical manifestations after SAH, only TCD vasospasm showed genetic association with one SNP across the entire human genome. Our results suggest TCD vasospasm may be an appropriate intermediate but still a clinically relevant phenotype for the genetic association studies. It is likely that this genetic variation, rs999662, would influence the vascular reactivity in the brain after SAH and eventually affect on the prognosis of SAH, though the functional consequence of the nucleotides change in intron is unclear. Even with the value of TCD as the intermediate phenotype in genetic association study, its low concordance with other vasospasm phenotypes, along with lack of association with SAH severity scales (as opposed to DCI and SV), requires further studies to evaluate its clinical significance.
